Introduction
During embryonic development, many cells undergo dramatic movements necessary for normal organ formation. In the adult, cell migration is required for proper wound healing and functioning of the immune system. Misregulated cell migration can result in birth defects, failure of wounds to heal, and tumor invasion and metastasis. Despite advances in our understanding of the molecular regulation of cell migration, in particular mechanisms regulating actin polymerization and cell protrusion, many important questions remain unanswered. An especially critical but poorly understood step is the detachment of migratory cells from a polarized epithelium, yet it is often difficult to study this process in the natural tissue environment. Drosophila border cells represent a genetically tractable and elegant in vivo model system for dissecting the mechanisms underlying detachment of a group of cells from an epithelium and their subsequent migration (reviewed in [1] ).
Border cells undergo a stereotypical and highly regulated cell migration during fly ovarian development ( Figure 1A ; reviewed in [1] ). The Drosophila ovary consists of strings of subunits called egg chambers, each of which will develop into a mature egg. In the center of each egg chamber are 15 germline-derived nurse cells and the oocyte, which are surrounded by w650 somatically derived follicle cells. The follicle cells form a monolayer epithelium that late in oogenesis rearranges to cover the posterior oocyte and stretch around the anterior nurse cells. At the same time, the central pair of polar cells recruits four to eight follicle cells at the anterior end to form the border cell cluster ( Figure 1A ). Border cells break away from the follicular epithelium as a cohesive cluster and migrate between the nurse cells until they reach the oocyte ( Figure 1A) .
One key early step of border cell migration is the cells' detachment from neighboring follicle cells. Initially, the cluster becomes round and distinct from the nonmigratory epithelial follicle cells, and it forms protrusions. Border cells subsequently separate from the epithelium and sever an attachment between the trailing border cell and an anterior follicle cell. Live-cell imaging reveals that detachment from the epithelium is slower and more variable than expected: The time from initial rounding and protrusion to final severing can take up to 2 hr [2] . In some egg chambers, the cluster migrates almost halfway to the oocyte before the attachment is broken, whereas in other egg chambers complete detachment occurs as soon as the cluster migrates. Once border cells completely break away, the remaining follicle cells at the anterior end stretch toward each other to preserve the epithelial layer [3] . Apontic and Notch indirectly regulate border cell separation from epithelial cells by regulating transcription [2] [3] [4] . However, the identities of proteins that directly promote detachment remain elusive. Researchers have carried out genetic screens to isolate mutations that disrupt border cell migration [5] [6] [7] [8] , yet in most cases the affected genes are unknown. We now identify par-1, a member of the par polarity family, as a gene required for border cell detachment.
The serine/threonine kinase PAR-1 is best known for regulating the polarity of a wide variety of cells in different biological settings; for example, it regulates apical-basal polarity in epithelial cells and anterior/posterior polarity in C. elegans embryos and Drosophila oocytes (reviewed in [9] ). PAR-1 cellular localization is usually complementary to PAR-3 and its binding partners PAR-6 and atypical Protein Kinase C (aPKC) (reviewed in [9] ). In epithelial cells, PAR-1 localizes to basolateral membranes, where it phosphorylates and inhibits apical Bazooka [10] , the Drosophila homolog of PAR-3. PAR-1 also regulates microtubule stability [11] [12] [13] and WNT signaling [14, 15] . Among common polarity proteins, aPKC has been implicated in cell migration, specifically at the leading edge of migrating astrocytes and at the growing tips of axons in cell culture (reviewed in [9] ). PAR-1 contributes to neuronal migration in mice, possibly by regulating microtubules [16] ; however, its ability to regulate the migration of other cells, particularly epithelial cells, has not been reported. Our understanding of the roles that polarity proteins play in cell migration is incomplete. Nor is it known whether their modes of action will be similar in different cell types. In this study, we report that Drosophila PAR-1 is a key regulator of two critical aspects of epithelial cell migration, cell detachment and directional protrusion.
Results

Identification of PAR-1 as a Regulator of Border Cell Migration
In a large-scale screen for chromosome 2R mutants that regulate border cell migration, we identified a mutant allele, l(2)27C1, that exhibited frequent migration defects in mosaic egg chambers containing homozygous mutant follicle cell clones ( Figures 1C-D 0 ) [6] . Although most clusters containing one or two mutant border cells completed their migration to the oocyte ( Figures 1B and  1B 0 ; 90%, n = 59), clusters containing two or more mutant cells either had incomplete migration or never migrated away from the anterior ( Figures 1C-1D 0 ; 58%, n = 24). These results suggested that the mutated gene played an early role in the development and/or migration of border cells.
Three additional alleles (36G4, 42D9, 70D3) were isolated in a mutagenesis screen (see the Supplemental Experimental Procedures available online) and used for mapping the affected gene to chromosomal region 56D-F ( Figure 1E ). Complementation testing with P elements from this region identified a hypomorphic par-1 allele, par-1 6323 , that was semilethal with l(2)27C1. Strong par-1 alleles, par-1 W3 and par-1 D16 ( Figure 1F ), failed to complement the new alleles and exhibited migration defects in mosaic mutant clones (not shown; n = 62 for par-1 D16 ; n = 26 for par-1 W3 ). We identified alterations to the par-1 coding region in three of the four new alleles ( Figures 1F and Figures S1A and S1B ). par-1 27C1 is likely to be a strong loss-of-function allele because PAR-1 protein was undetectable in mutant cells ( Figure S1C ). Markers of border cell identity, Focal Adhesion Kinase (FAK), nuclear STAT, and Singed (SN) [5, 7, [17] [18] [19] , were expressed normally in par-1 mutant border cells and were not expressed ectopically in mutant follicle cells ( Figure S2 and not shown).
PAR-1 Is Required for Border Cell Detachment from the Epithelium
To assess PAR-1 function in migration in more detail, and to analyze clusters in which all border cells had reduced PAR-1, we constructed transgenic flies expressing GAL4-inducible PAR-1 dsRNA (see Supplemental Experimental Procedures). Expression of PAR-1 RNAi in the ovary reduced PAR-1 protein levels ( Figure 2B ). Border cell migration was disrupted when PAR-1 RNAi was expressed in all border cells and adjacent epithelial ''stretched'' follicle cells via c306-GAL4 (Figures 2A, 2C , and 2D). Removing one copy of par-1 increased the severity of the migration defects ( Figures 2C and 2D ). Viable trans-heterozygous combinations of par-1 alleles, which disrupt oocyte polarity but not epithelial polarity [20] , also disrupted border cell migration ( Figure 2E ). Although the overall migration defect was less frequent than that observed with PAR-1 RNAi, many phenotypic border cells remained at the anterior end of the egg chamber ( Figure 2E ).
To determine why par-1 mutant border cells did not move, we performed time-lapse imaging of live egg chambers expressing c306-GAL4;UAS-mCherry::Jupiter (see Supplemental Experimental Procedures). Wild-type border cells visibly detached from the epithelium and migrated to the oocyte ( Figure 2F and Movie S1). We imaged the behavior of phenotypic border cell clusters that expressed PAR-1 RNAi in a par-1 27C1 heterozygous mutant background or were viably mutant for par-1. Similar to what was observed in fixed egg chambers (Figures 2D and 2E) , some clusters completed their migration, whereas others did not, even by late oogenesis. Although border cell clusters formed normally and individual border cells moved around within the cluster, the most severely affected clusters did not move forward or away from the anterior end ( Figure 2F and Movies S2 and S3). Furthermore, when anterior stretched follicle cells were discernible within the focal plane of the movie, border cells remained visibly attached to these cells ( Figure 2F ). Although some clusters never detached during the movie, others detached several hours later (not shown). These results indicate that loss of par-1 disrupted the ability of many border cells to detach from the follicular epithelium.
Border cells did not detach when PAR-1 RNAi was expressed with c306-GAL4 (Figures 2A, 2C , and 2D), suggesting that PAR-1 functions in anterior follicle cells and border cells. Furthermore, we observed defects in border cell migration when mutant clones were induced strictly in follicle cells via the GAL4/UAS system [6] (not shown). To investigate par-1 cell autonomy further, we used the MARCM mosaic clone method to label homozygous mutant cells with GFP (see Supplemental Experimental Procedures). We did not observe migration defects when only anterior stretched follicle cells (n = 47 egg chambers) or polar cells (n = 28 egg chambers) were mutant. However, in every case in which border cell migration was impaired, both border cells and anterior /+ egg chamber expressing PAR-1 RNAi driven by c306-GAL4 was stained for ARM (green) and F-actin (red) to label cell membranes and DAPI (blue) to label nuclei. The border cells (arrow) did not migrate. (D and E) Quantification of border cell migration defects in wild-type or par-1/+ egg chambers expressing UAS-PAR-1 RNAi driven by c306-GAL4 (D) and in viable par-1 mutant egg chambers (E). Percentage of border cells that did not migrate or detach (gray) or that migrated 5%-25% (yellow), 26%-50% (blue), 51%-75% (red), or 76%-100% (black) of the normal distance to the oocyte; n, number of egg chambers examined. (F) Frames from time-lapse movies of stage 9 control (Movie S1) or PAR-1 RNAi (Movie S2) egg chambers at the indicated times (hr:min:s). Control border cells detached at w1.5 hr; PAR-1 RNAi border cells (n = 10) stayed attached (arrow) to a follicle cell (arrowhead).
stretched follicle cells were mutant (20/20 examples examined; Figures 1C-1D 0 ). In undetached clusters, we observed a mix of mutant and wild-type border cells (7/7 examples examined; Figures 1D and 1D 0 ). In more than 150 egg chambers containing par-1 clones, none were observed in which only border cells were mutant, and therefore we do not know whether this would lead to migration or detachment defects. Taken together, these results are consistent with a requirement for par-1 in border cells and possibly adjacent anterior follicle cells.
Apical-Basal Polarity Is Required for Detachment
At all stages of border cell migration, PAR-1 protein primarily localizes to basolateral cell membranes [11, 20] (Figure S3 ). Before detaching, border cells exhibit apical-basal polarization similar to that of the epithelial follicle cells [21, 22] ; the apical side faces inside the egg chamber. At this stage, PAR-3 and aPKC accumulated in apical junctions between follicle cells and border cells, whereas PAR-1 concentrated outside the junctions at lateral membranes ( Figures 3A and 3B) . Thus, PAR-1 and PAR-3/aPKC were largely nonoverlapping, similar to their localization in follicle cells.
The enrichment of PAR-1 at border cell membranes suggested that it might regulate the localization of other membrane-associated proteins. F-actin accumulates at the apical side of wild-type border cells before they detach ( Figure 3C ), and this distribution was unchanged in viable par-1 mutant border cells (Figures 3D and 3E ; n = 14 egg chambers). Both E-cadherin and PAR-3 are highly expressed in border cells and are required for their migration [21, 22] . In wild-type egg chambers prior to detachment, E-cadherin and PAR-3 colocalized at foci found at the junctions between border cells and adjacent stretched follicle cells ( Figure 3F ; 8/9 egg chambers). In addition, E-cadherin localized to lateral membranes (Figure 3F) [5, 21] . However, in par-1 mutant border cells, individual foci enriched in E-cadherin were more difficult to discern at one or both junctions (Figures 3G and 3H ; 23/27 egg chambers). PAR-3 was present in multiple foci ( Figure 3G ) or was uniformly localized between border cells and follicle cells (Figures 3G and 3H ; 16/19 egg chambers). The apical protein Stardust (SDT) was also disrupted, although less frequently (not shown; 7/23 egg chambers).
PAR-1 inhibits PAR-3 localization and activity during polarization of other cell types [10] , suggesting that a similar mechanism functions in border cell detachment. At basolateral cell membranes, PAR-1 phosphorylates PAR-3 at two serines, S151 and S1085, creating binding sites for 14-3-3 protein [10, 23] . Binding of 14-3-3 prevents PAR-3 from forming a functional complex with aPKC and PAR-6 [10] . To test this model, we analyzed the function of Leonardo (LEO), the Drosophila homolog of 14-3-3z. A lacZ enhancer trap in leo (leo P1188 /+) was highly expressed in border cells (not shown). Loss of leo caused reproducible migration defects in mosaic mutant clones (n = 42), some of which did not detach ( Figures 4A  and 4A 0 ). We determined whether PAR-3 functioned in detachment, in addition to its known role in migration [22] . Border cells with reduced PAR-3 or overexpressing PAR-3 had mild detachment defects ( Figure 4C) . Overexpression of PAR-3 that cannot be phosphorylated by PAR-1 (PAR-3 S151A, S1085A; PAR-3 SA mutant) [10] strongly enhanced the wildtype PAR-3 detachment phenotype ( Figures 4B and 4C ), even though both constructs were expressed at equivalent levels as assayed by anti-GFP and anti-PAR-3 staining (Figure 4B 0 and not shown). Live time-lapse imaging of PAR-3 SA-expressing border cells revealed that many clusters did not move away from the epithelium (Movie S4), similar to what was observed upon loss of par-1. These results suggest that having normal distributions and/or activities of the apicalbasal polarity proteins PAR-3 and PAR-1 are necessary for efficient detachment.
LKB1 Functions in PAR-1-Mediated Border Cell
Detachment LKB1 (PAR-4) is a conserved serine/threonine kinase that phosphorylates and activates PAR-1 in many cellular contexts [24] [25] [26] . LKB1 is required for PAR-1-dependent events during Drosophila development [27, 28] , suggesting that it could function similarly in border cells. GFP-tagged LKB1 was expressed uniformly at border cell membranes ( Figures 5A-5C ) [27] . Mosaic mutant clones of lkb1 4A4-2 , a strong loss-of-function allele, resulted in either no border cell migration ( Figures  5D-5E 00 ) or incomplete migration (not shown). When border cells did not complete their migration, border cells and anterior stretched follicle cells were mutant (45/45 egg chambers). lkb1 mutant border cells were closely associated with mutant anterior stretched follicle cells when clusters did not detach (12/12 examples; Figures 5D-5E 00 and 5G). Similar to the phenotype observed upon loss of par-1, ectopic PAR-3 was evident Figure 2D , of border cell migration in egg chambers expressing indicated UAS-PAR-3 transgenes driven by c306-GAL4.
between lkb1 mutant border cells and adjacent follicle cells ( Figure 5G ; n = 7 egg chambers).
We identified a genetic interaction between lkb1 and par-1 ( Figure 5F ). A conserved threonine in the C terminus of PAR-1 (T793) is phosphorylated by aPKC in vertebrates; mutation of this residue to alanine causes the protein to mislocalize to apical cell membranes in addition to its normal basolateral localization [29] [30] [31] . Overexpression of PAR-1 T793A strongly inhibited border cell migration ( Figure 5F ). Loss of one wildtype copy of the lkb1 4B1-11 allele resulted in a mild, dominant migration defect but significantly enhanced the PAR-1 T793A defects ( Figure 5F ). The observed genetic interaction and close resemblance of the phenotypes caused by loss of lkb1 and par-1 suggest that these two genes function in a conserved pathway to regulate border cell detachment.
PAR-1 Regulates Border Cell Protrusion Direction and Morphology
Border cells extend prominent cellular protrusions mainly in the direction of migration, and these protrusions help them migrate and navigate to the oocyte [2, 32] (Figure 6A and Movie S1). Wild-type, par-1 mutant, and PAR-3 SA-expressing border cells each formed protrusions measuring at least 18 mm from the center of the cluster ( Figure 6A ; Movies S1-S4 and Table S1 ). Whereas wild-type or PAR-3 SA-expressing border cells extended protrusions primarily in the direction of migration (Figures 6A and 6B ; Movies S1 and S4) [2] , undetached par-1 mutant border cells extended more protrusions along the lateral sides of the egg chamber (Movies S2 and S3). To quantify this effect, we calculated the directionality index (DI) of these protrusions (see Supplemental Experimental Procedures) [2] . The DI would be 1 if protrusions extended only in the forward direction, whereas it would be 0 if equal numbers of forward and backward or lateral protrusions formed. Wild-type border cell clusters had a DI of w1, whereas PAR-1 RNAi and viable par-1 mutant border cells each had a DI close to 0 ( Figure 6B) . Thus, loss of par-1 decreased forward protrusions at the expense of backward and lateral protrusions. This phenotype was not observed after PAR-3 SA overexpression ( Figure 6B ).
The overall length and lifetime of protrusions at stage 9 was similar in wild-type and PAR-1 RNAi border cells (Table S1) . However, by stage 10, PAR-1 RNAi and viable par-1 mutant egg chambers exhibited defects in protrusion morphology. Wild-type protrusions were on average 23 mm in length (Figure 6A and Table S1 ; n = 49), whereas undetached par-1 mutant border cells had 40-to 67-mm-long protrusions (Figure 6C ; 9/25 examples). Live PAR-1 RNAi border cells extended misshapen protrusions (Movie S5; 4/9 movies). In addition to longer protrusions, we frequently observed one to three cell fragments along the migration pathway ( Figures 6D  and 6E and Figure S4B ; 47% of egg chambers, n = 113); these fragments were never observed in front of wild-type clusters (n = 95). They lacked nuclei and were not visibly attached to the cluster ( Figure 6E and not shown) but were enriched in the border cell marker SN (not shown). Moreover, they strongly resembled ''cytoplasts'' found in mal-d/mrtf mutants, which are proposed to develop from fragmented border cell protrusions [33] . Cytoplasts were occasionally observed in live PAR-1 RNAi-expressing egg chambers (not shown). Cytoplasts and long protrusions were not a general feature of border cells that did not migrate or detach; they were not observed in egg chambers that were mutant for slow border cells (slbo) or that expressed dominant-negative Kuzbanian [2, 34] (Figure S4A and not shown). Loss or overexpression of PAR-3 (WT or SA mutant) also did not affect protrusion morphology ( Figure 4B and not shown). These data indicate that PAR-1, independently of apical PAR-3 polarity, specifically regulates the morphology and length of some border cell protrusions.
Discussion
Mechanisms of Epithelial Cell Detachment
Although detachment is critical for the separation of migratory cells from epithelia, the molecular and cellular mechanisms underlying this process are poorly understood. Here we demonstrate that disrupting apical-basal polarity inhibits the ability of border cells to detach from the follicle cell epithelium. Overexpression of a PAR-3 mutant that cannot be phosphorylated by PAR-1 phenocopied the loss of par-1. Loss of lkb1 affected border cell detachment in a manner similar to what was seen with par-1 mutants. In addition, we observed a specific genetic interaction between the two genes. Although Drosophila LKB1 was initially reported to be downstream of PAR-1 [27] , a recent study demonstrated that it phosphorylates and activates PAR-1 in vitro and in vivo at a conserved threonine within the kinase domain [28] . We propose a model in which a conserved network of LKB1 and basolateral PAR-1 directly phosphorylates and inhibits apical PAR-3 between border cells and follicle cells and thereby promotes the separation of the two cell types ( Figures 7A and 7B) .
How does the proper spatial restriction of apical polarity proteins lead to border cell detachment? The apical PAR-3/ PAR-6/aPKC complex is required for formation and stabilization of epithelial adherens and tight (subapical) junctions [35, 36] . Overexpression of PAR-3 in mammalian cells promotes tight junction assembly [36] , suggesting a model in which PAR-1-dependent restriction of PAR-3 to the apical junction allows the disassembly and/or remodeling of adhesion between border cells and adjacent epithelial cells. Analysis of specific cell membrane markers revealed that loss of par-1 caused mislocalization of apical PAR-3 and E-cadherin at the interface between border cells and follicle cells. In addition, overexpression of PAR-3 and PAR-6 in border cells disrupts the polarized distribution of membrane proteins, including the adherens junction proteins E-cadherin and Armadillo/b-Catenin [22] . Expansion of the apical PAR-3 domain inhibits border cell detachment, possibly by increasing adhesion and preventing disassembly of junctions between border cells and follicle cells ( Figure 7A ).
Our results suggest that the ability to detach is a property of the basolateral domain and requires restriction of the apical domain, which may be a general mechanism for promoting detachment of epithelial cells. During epithelial-to-mesenchymal transitions induced by TGFb signaling, TGFb receptors bind to and phosphorylate the apical polarity protein PAR-6 to allow recruitment of the ubiquitin ligase Smurf1; this in turn degrades RhoA, resulting in loss of tight junctions [37] . Furthermore, the oncogene ErbB2 directly blocks the formation of the PAR-3/ PAR-6/aPKC complex to inhibit breast epithelial cell polarity and tissue organization, apart from its function in cell proliferation [38] . These studies demonstrate that downregulation of apical-basal polarity, which in turn disrupts cell-cell junctions, remodels epithelia during tissue morphogenesis and tumor progression. We propose that PAR-1 is another protein that remodels specific epithelial junctions to promote cell migration. However, other basolateral proteins such as Scribble and Discs large seem to suppress rather than promote detachment of epithelial cells (reviewed in [39] ). Therefore, the relationship between apical/basal polarity and epithelial cell invasion and detachment remains to be fully understood.
PAR-1 Control of Leading-versus Lagging-Edge Border Cell Cluster Polarity
Border cells are guided to the oocyte by secreted ligands that bind to multiple receptor tyrosine kinases (reviewed in [1] ). The secreted proteins PVF1, Spitz, and Keren are synthesized in the oocyte. The receptor for PVF1 is PVR, and the receptor for both Spitz and Keren is the Drosophila EGF Receptor (EGFR); both receptors are expressed on border cells. Border cells, like all migrating cells that undergo chemotaxis, polarize in response to these guidance cues. One of the most obvious manifestations of polarization is the extension of prominent protrusions primarily from the front or leading edge of the cluster. Inhibiting the functions of PVR and EGFR together causes border cells to extend protrusions in all directions, indicating that the activity of guidance receptors limits protrusion to the leading edge [2] . However, guidance signaling not only induces protrusion extension from the front but also suppresses them from the rear of the cluster [2] . Thus, activation of guidance receptors at the front polarizes the cluster. Similarly, loss of par-1 causes more protrusions to extend to the side and rear of the cluster, suggesting that directional polarity is lost.
As border cells initiate their migration, the leading edge coincides with the apical domain, although this orientation changes after the cluster detaches [21, 22] . PAR-1 localizes to the lateral sides of border cells and not to the leading or apical side of the cluster. One possibility is that PAR-1 restricts the localization of an unknown protein to the leading edge and that this in turn promotes the formation of stable protrusions at the front. Although PAR-1 restricted PAR-3 to the apical side, PAR-3 SA overexpression did not disrupt directional protrusion extension. Alternatively, PAR-1 might activate a protein at the side and/or back of the cluster, and this protein might either suppress or destabilize protrusions at the lagging edge. The known role for PAR-1 in regulating microtubule stability [11] [12] [13] could contribute directly to protrusion extension and dynamics. Although we did not observe gross changes in the levels or distribution of a-tubulin (not shown), PAR-1 could have a subtle role in regulating microtubule dynamics of border cell protrusions. Thus, PAR-1 participates in generating polarity with respect to the leading and lagging edges of the migrating border cells, independently of its effect on PAR-3.
Whereas border cells detach and migrate as part of normal development, similar mechanisms occur in pathological conditions such as tumor invasion and metastasis. The work presented here establishes PAR-1-dependent apical-basal polarity as an essential mechanism for cell detachment from a polarized epithelium. Furthermore, PAR-1 plays a second role during cell migration by polarizing the border cell cluster, possibly in response to guidance signaling, and is required for normal protrusion morphology. Given the diversity of mechanisms that contribute to polarizing epithelial cells and migrating cells, as well as the high degree of functional conservation of polarity proteins, it will be of great interest to determine whether and in what contexts PAR-1 homologs induce epithelial cell detachment and protrusions during development or in tumor metastasis in vertebrates.
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Supplemental Data include Experimental Procedures, four figures, one table, and five movies and are available with this article online at http:// www.current-biology.com/supplemental/S0960-9822(08)01271-2. (B) Molecular pathway and steps required for early border cell cluster formation, detachment, protrusion, and migration. Note that specification occurs before the cluster forms and while it detaches [3] .
